Lipid class composition was analysed in the green macroalga Ulva rigida grown under normal (350 ppm) and high (10,000 ppm) CO 2 levels, and in nitrate saturated and nitrogen limited conditions. A new protocol for the extraction of lipids has been defined. Culture conditions altered the fate of assimilated carbon, and significant changes were observed in protein and total lipid content in particular. A CO 2 -enriched atmosphere conditioned the effects of nitrogen limitation on lipid class composition, revealing deep qualitative changes in carbon metabolism. Triglycerides accumulated at high CO 2 and under nitrogen limitation, while chloroplast-related lipids showed an inverse response. Changes in phospholipids could be related to carbon availability as they did not respond to nitrogen limitation. The ratio sterols/acetone-mobile polar lipids followed a negative linear relation with the optimum quantum yield for photosynthetic electron transport (F v /F m ), and was considered as an index of the «light status» of the cell. The specificity of the response of lipid classes to growth conditions in U. rigida emphasizes the potential role of lipid class analyses as a diagnostic tool for environmental stress.
Introduction
Lipid class composition has been studied mainly in microalgae, and the composition across several classes is quite well documented (Shifrin and Chisholm 1981) . In oceanography, the analysis of the proportion of different lipid classes has been used as bioindicators of the origin and physiological * E-mail corresponding author: f.gordillo@qub.ac.uk state of the seston in a water body (e.g. Parrish 1987 , Goutx 1988 , Gerin and Goutx 1993 . In aquaculture, the interest in lipids is strongly related to their dietary relevance for larval feeding and their possible use as alternative fuels (Volkman et al. 1989 , Parrish and Wangersky 1990 , Roessler 1990 ). Lipids have also been reported as playing a role in toxic bloom events causing fish kills (Parrish et al. 1994) , and in the response of phytoplankton exposed to crude-oil extracts (Morales-Loo and Goutx 1990) . All these applications have gradually increased the interest in lipid response to environ-0176-1617/01/158/03-367 $ 15.00/0 mental factors and its relation to the physiology of the cell. Culture conditions such as light irradiance (Parrish et al. 1994 , photoperiod and temperature (Lynch and Thompson 1984) , and growth phase (Lombardi and Wangersky 1995) cause strong variations in lipid class composition. Another major factor altering lipid metabolism is the nutrient status of the cell, especially nitrogen limitation (Ben-Amotz et al. 1985, Parrish and Wangersky 1987) . More recently, Gordillo et al. (1998) reported the interactive effects of nitrogen limitation and a CO 2 -enriched environment on lipid classes in the green microalga Dunaliella viridis, concluding that the response of lipid metabolism to nitrogen limitation was enhanced under high CO 2 . Despite the amount of useful information derived from lipid class analyses of algal physiology, most of the studies available are restricted to microalgae, and little is known about lipid class changes in macroalgae. To our knowledge, a reliable method for the extraction of lipids for class analysis from macroalgae such as Ulva is even lacking.
Ulva is, beyond any doubt, one of the most important algae of the intertidal system. Several species have been traditionally used for human nutrition and also for feed supplement in cattle nutrition. Moreover, it also has several pharmaceutical uses (Cremades et al. 1998) . Ulva rigida has a special environmental relevance. It can reach 1.2 m long and 0.4 m wide (Hoeksema and Van den Hoek 1983) , and can quickly proliferate in eutrophic areas. In Venice Lagoon, it has been considered a «plague» (Alberotanza and Piergallini 1986, Sfriso et al. 1993) , restricting water circulation and inducing the development of new biotopes and communities (Sfriso et al. 1987 , Ravera et al. 1995 , Riccardi and Solidoro 1996 . This species is commonly studied as a model organism in algal physiology. In the last few years, a special interest in studying the acclimation response to a future hypothetical atmosphere enriched in CO 2 has developed (Bjork et al. 1992 , Gordillo et al. 2000 .
Atmospheric CO 2 increase is of crucial importance for photosynthetic organisms because inorganic carbon is their main nutrient. For this reason, the majority of the studies of the effects of increasing CO 2 in algae have focussed on the mechanisms of carbon uptake (Mercado et al. 1998) , while little attention has been paid to other processes, such as the basic metabolism of nitrogen and phosphorus, light harvesting, or plant composition (e.g. Gordillo et al. 2000) . It has been proposed that the response of plants to increasing CO 2 would be similar to that of nitrogen limitation (Webber et al. 1994) . However this correspondence is not always true due to the complex interactions between the metabolism of carbon and nitrogen. According to Turpin (1991) , about 50 % of the carbon metabolism may be linked to nitrogen metabolism in plants. It is well known that nitrogen cell concentration, soluble proteins, and photosynthetic pigments decrease in algae under nitrogen deficiency (see Turpin 1991 for a review), and that a parallel increase of carbohydrates occurs (Marek et al. 1995 , Zimmerman et al. 1997 .
In this work, we study the effect of increasing CO 2 concentration and of nitrogen deficiency on lipid class composition in the intertidal green macroalga Ulva rigida. For this purpose, a new lipid extraction and quantification methodology has been developed. The potential of lipid class analysis to interpret in this species the physiological status of the cell under different nutritional conditions is investigated.
Materials and Methods

Plant material
Ulva rigida C. Agardh was collected in an intertidal rocky shore in Málaga (Mediterranean Sea, Southern Spain). Healthy thalli free of macroscopic epibiota were selected and kept for 3 -4 days in filtered (Whatman GF/F) and enriched sea water (Provasoli 1968) take ceased after 4 days). For cultivation under these conditions, 1.5 g fresh thalli were cut into discs 2 cm in diameter, and placed in 1L filtered seawater (Millipore 0.22 µm) enriched with Provasoli-based medium. Temperature, aeration, PFR, and photoperiod were the same as for maintenance conditions described above. The water motion produced by the aeration allowed the discs to move softly without tumbling. Two independent cultures were run for each combination of carbon and nitrogen; experiments were run three times. The pH in CO 2 enriched cultures was never below 7.7. A control culture at pH 7.7 without CO 2 enrichment eliminated any significant influence of pH on the results.
Lipid extraction
Under the general name of «lipids» are included all organic substances that: i) are water insoluble; ii) are soluble in organic solvents; iii) contain hydrocarbon groups in their molecules; and iv) are present in or are derived from living beings (Kates 1991) . This includes a large range of compounds, such as hydrocarbons, alcohols, aldehydes, and fatty acids and their derivatives (i.e. glycerides, wax esters, phospholipids, glycolipids, and sulpholipids). It also includes liposoluble vitamins (i.e. vitamin, A, D, E, and K, and their derivatives), as well as liposoluble photosynthetic pigments.
The method of Bligh and Dyer (1959) is generally used for the extraction of lipids. It consists of the use of a monophasic mixture of chloroform : methanol : water (1: 2 : 0.8, v : v : v) for initial extraction from the tissue; with chloroform and water then added for phase separation, after which the lipids are contained in the lipophilic phase. However, this procedure did not successfully extract the lipids from U. rigida. We thus modified it as follows (Table 1) : Frozen thalli of U. rigida were thawed at room temperature. 1 mL of N,N dimethyl formamide (DMF) was then added to the thalli and placed at 4˚C for 24 h for extraction. This solvent is able to leave the thalli completely translucent without any need for further mechanical procedure. After this initial extraction, 8.5 mL of a modified monophasic mixture (2.5 : 5 : 1) was added; this mixture also included an internal standard (20 µg of ketone). After 6 h, the thalli were discarded, and 5 mL of biphasic mixture containing chloroform : water (1 : 1, v : v) were added. The new mixture was vigorously mixed and allowed for phase separation in a separatory funnel for about 1 h. The chloroform : DMF phase containing the extracted lipid material was recovered, while hydrosoluble contaminants remained in the methanol : water phase and were discarded. Chloroform was evaporated in a rotatory evaporation bath (Heidolf) at 50˚C for 15 -20 min. Two mL of diethyl ether and 5 mL of water were added to the DMF, allowing a new phase separation in the funnel for 30 min after vigorous shaking. After recovering the diethyl ether phase, another 2 mL of diethyl ether were added to the remaining DMF : water phase, and shaking and phase separation were repeated. Both diethyl ether phases were placed together and the DMF : water discarded. The diethyl ether phase was easily evaporated under a flow of N 2 . The lipidic residue was redissolved in 200 µL of chloroform and stored at -20˚C until further analysis.
Lipid class separation and quantification
Three aliquots from each chloroform lipid-containing extract were taken for lipid class separation. This was performed by means of thin layer chromatography (TLC) on salicylic acid coated Chromarods S-III (Iatron, Japan). The separation of lipid classes on the Chromarods was performed in a four-step procedure, as previously reported : in the first step, wax esters + sterol esters and ketones are separated; the second step yields glycerides, free fatty acids, free alcohols, and sterols; the third step allows the separation of acetone-mobile polar lipids, including glycolipids, pigments, and monoglycerides. Finally, in the fourth step, phospholipids were separated into two classes, i.e. phosphoglycerides (both mono-and diphosphatidylglycerides) and phosphatidyl ethanolamine. Samples were analysed in a flame ionisation detector (Iatroscan TH10, Iatron, Japan). The Iatroscan was operated with a hydrogen flow of 150 mL min -1 and an air flow of 2000 mL min -1
; under these conditions, the coefficient of variation of triplicate samples did not exceed 8 %.
Optimum quantum yield
Optimal quantum yield (F v /F m ) was measured by means of a pulse amplitude modulated fluorometer (PAM-2000, Waltz, Effeltrich, Germany). F v is the maximal variable fluorescence of a dark adapted sample, and F m the fluorescence intensity with all PSII reaction centres closed, according to Genty et al. (1989) .
Statistics
Data presented is the mean of three independent experiments, each consisting of two cultures running in parallel for each treatment. Three subsamples were taken from each culture vessel and the mean used as a replicate, except where otherwise indicated. Treatments were compared by one-way analyses of variance (95 % confidence level), followed by multirange Fisher's least significant difference (PLSD).
Results
High CO 2 concentration did not induce major differences either in total internal carbon or in total internal nitrogen (Table  2) . However, nitrogen limitation provoked a strong decrease of total internal nitrogen, while internal carbon slightly decreased for both CO 2 conditions. Thus, the C : N ratio changed from 11-12 in high nitrogen (independent of CO 2 level) to 32.5 and 38.3 for high and low CO 2 , respectively, under nitrogen limitation. The proportion of C in the form of soluble proteins decreased with both nitrogen limitation and CO 2 -enrichment (Table 2) . However, soluble carbohydrates showed a very conservative trend, with only a minor increase when the thalli were subjected to nitrogen limitation and CO 2 enrichment simultaneously. The effect of nitrogen limitation on total lipid content (per C) was different depending on the CO 2 conditions. Under normal, non-enriched CO 2 levels, total lipids increased 30 %, while under high CO 2 , it decreased by 14 %.
Up to eight different lipid classes were separated, identified, and quantified in U. rigida extracts (Table 3 ). The acetone-mobile polar lipids (AMPL) were generally the most abun- Table 2 . Internal carbon and nitrogen composition of U. rigida grown under normal (350 ppm) and high (10,000 ppm) CO 2 and under N sufficiency or N limitation. Standard deviation in brackets (n = 6). Different letters for significant differences (p < 0.05). dant fraction in this alga, followed by phosphoglycerides and triglycerides. AMPL accounted for around 50 % of the total lipids under nitrogen saturation, while this proportion was greatly reduced under nitrogen deficiency, regardless of the CO 2 level. Phosphoglycerides, however, were not sensitive to nitrogen limitation but to CO 2 enrichment, decreasing from around 30 to 20 % of total lipids. Both AMPL and phosphoglycerides represented 72 to 77 % of the total lipids in high nitrogen-grown thalli, while they were only 50 -62 % under nitrogen deficiency. This difference of lipid classes was completed mainly with the increase of triglycerides under nitrogen limitation, where they accumulated to 30 and 39 % of the total, for normal and high CO 2 , respectively. In nitrogen enriched thalli, they accounted for only 16 % (independently of the CO 2 concentration).
In Figure 1 , the lipids are grouped in three main classes, i.e. neutral lipids (N), AMPL, and phospholipids (PL), evidencing several differences between the carbon and nitrogen treatments. High CO 2 induced a decrease of the phospholipids, with no further changes because of nitrogen limitation. Nitrogen deficiency promoted a decrease of the AMPL, which paralleled the increase of the neutral lipids, especially at high CO 2 . Neutral lipids increased from around 20 % of the total under nitrogen saturation and normal CO 2 levels, to 40 % in nitrogen deficiency and high CO 2 . Thus, there was a clear shift from AMPL, as major lipid class, in nitrogen sufficiency, both at low and high CO 2 , to neutral lipids in nitrogen deficiency, especially at high CO 2 . Changes in other minor lipid classes evidenced that the effect of nitrogen limitation was conditioned by the CO 2 level (Table 3) , as high CO 2 triggered the accumulation of wax and sterol esters, free fatty acids, and phosphatidyl ethanolamine. All together, the total lipid content ranged from 45 to 72 mg g -1 dry weight. Variations paralleled those described above for lipids : C (Table 1) . Figure 2 shows the ratio of triglycerides (TG) to total phospholipids (PL). This ratio was minimal in nitrogen-enriched cultures (0.45 -0.6), while it increased to 0.9 and 1.5 in nitrogen deficiency at low and high CO 2 , respectively. Culture conditions also altered the phospholipid composition (Fig. 3) . As a consequence of both PG decrease and PE increase (Table 3), the ratio phosphatidyl ethanolamine (PE) to phosphoglycerides (PG) was around 2.5 times higher under CO 2 enrichment.
The ratio free sterols (ST) to acetone-mobile polar lipids (AMPL) (Fig. 3 ) was maximal at high CO 2 under nitrogen deficiency, being minimal at high CO 2 and high nitrogen. When the ratio ST/AMPL was plotted against optimum quantum yield for photosynthetic electron transport (F v /F m ), a negative linear relation was found. F v /F m varied with culture conditions, from 0.73 in nitrogen saturation to 0.55 under nitrogen limitation, both at high CO 2 (Fig. 4) .
Discussion
The lipid extraction procedure described here (Table 1) demonstrated to be adequate for U. rigida. The use of the strong solvent DMF has been previously used for pigment extraction for this and other species of algae because it has the advantage over the acetone that there is no need to grind the tissue (Gordillo et al. 2001) . Some disadvantages with respect to the protocol by Bligh and Dyer (1959) , used before in Dunaliella viridis , include the need to enter an additional step using ether to eliminate the DMF. This procedure is not completely efficient, and a minor but significant contamination of DMF in the samples to be analysed prevented the quantification of hydrocarbons. This is, in any case, a minor problem since hydrocarbons normally represent less than 2 % of total lipids (Sargent 1976) .
In general terms, the response of the internal concentration of nitrogen and soluble proteins to nitrogen limitation in U rigida were in agreement with the common response of macro-and microalgae (see Turpin 1991 for a review). In a CO 2 -enriched environment, the accumulation of carbohydrates is often observed (Marek et al. 1995 , Zimmerman et al. 1997 . In U. rigida, even the simultaneous action of nitrogen limitation and CO 2 enrichment provoked only a slight increase in carbohydrates, as proteins and lipids decreased (Table 2) , that was not reflected in the total carbon concentration.
The response of algal lipids to nitrogen stress and CO 2 enrichment is heterogeneous. It has been previously proposed that nitrogen deprivation prompted lipid accumulation (Larson and Rees 1996) , but Parrish and Wangersky (1987) observed a general decrease of total lipids in the diatom Phaeodactylum tricornutum. In our study, the response of the total lipid content to nitrogen deficiency depended on the CO 2 concentration; at low CO 2 a significant increase was detected, while a decrease occurred at high CO 2 . In contrast, Pratt and Johnson (1964) proposed that lipid synthesis was promoted at high CO 2 in Chlorella, even under nitrogen sufficiency. No changes in total lipids were found in Dunaliella cultured under the same CO 2 and nitrogen conditions described here ).This evidenced that CO 2 induced deep changes in carbon metabolism and the way the plant responded to nitrogen limitation.
The analysis of the lipid class composition has been previously used to stress the physiological state of algae and the quality of the algal biomass (Parrish 1987 , Goutx 1988 . Moreover, it provides useful additional information to the biochemical indexes used to assess nitrogen deficiency in natural populations (Dortch et al. 1985) . In our experiments, the predominance of the lipid classes varied with growth conditions (Table 3) , revealing different physiological processes in U. rigida as it responded to the concentration of CO 2 and NO 3 -.
When nitrogen was not limiting, the AMPL fraction was clearly predominant (Fig. 1 ). This fraction is closely related to the chloroplast, and includes the chlorophylls. One of the consequences of nitrogen limitation in U. rigida is a significant reduction of the chlorophyll content (Gordillo et al. 2001) , as is generally accepted for macro-and microalgae (Turpin 1991) . Thus, the decrease of the AMPL fraction in low nitrogen might be related to the decrease of the chlorophyll content. The increase of the neutral lipids, mainly triglycerides, is a well documented response when growth is nutrient limited, playing the role of storage metabolite for the excess of carbon ). The shift from AMPL accumulation to neutral lipids stimulated by nitrogen limitation reflects qualitative changes in the basic carbon metabolism as the plant acclimates to N starvation. Triglycerides accumulation seemed to be related to phospholipid decrease in Phaeodactylum tricornutum (Parrish and Wangersky 1987) . According to Lombardi and Wangersky (1995) , triglycerides are the main storage lipids, while phospholipids, due to their role in membrane synthesis, are related to active growth. Both lipid classes have the same precursor, and the synthesis of triglycerides would be enhanced if that of phospholipids were reduced, and vice versa. Thus, the change in the ratio triglycerides/phospholipids (Fig. 2) would indicate an uncoupling in the carbon metabolism. In the case of U. rigida, this ratio would be an index for the nutritional stress imposed by nitrogen limitation. This is supported by the changes observed in C : N ( Table 2) .
The change in carbon metabolism imposed by high CO 2 also affected phospholipid composition (Table 3 ). The decrease of PG and the increase in PE observed in U. rigida, however, contrasted with our previous findings with the unicellular chlorophyte Dunaliella viridis, where high CO 2 induced higher PE values and no variation in PG . The alteration of phospholipid composition is shown by the rate PE/PG in Figure 3 . It is possible that these variations are related to changes in the plasma membrane in connection with the shift in carbon uptake mechanisms in the cell surface triggered by different carbon availability (Bjork et al. 1993) , but this still remains unclear.
Factors governing the synthesis of sterols in algae are not yet clear. In diatoms, sterol synthesis seemed to be independent of the chloroplast (Morris 1984) as well as of light intensity (Orcutt and Patterson 1975) . On the contrary, in the dinoflagellate Gymnodinium nagasakiense (Parrish et al. 1994) and in the chlorophyte Dunaliella viridis , an accumulation of sterols at high light was found, but in the latter, no change was detected in response to CO 2 level or nitrogen availability. Since the AMPL fraction is closely related to the chloroplast, we concluded that the ratio sterols/AMPL would be an indication of the «light status» of the algae . High values of this ratio (Fig. 3) would reflect a loss of functionality of the membranes of the chloroplast, while low ST/AMPL would occur when the photosynthetic membrane activity is high. The «light status» of the algae (or the activity of the photosynthetic membranes) may be estimated from their quantum yield. F v /F m in U. rigida varied with the CO 2 level and the NO 3 -availability. We have found a strong negative correlation between the ratio ST/AMPL and the quantum yield (r = 0.97 , Fig. 4) ; this means that the ratio ST/AMPL might indicate the functionality of the electron transport system through the photosynthetic membranes. High values of this ratio would be found in stressed algae, in which the electron transport is depressed. Conversely, in algae growing in optimal conditions, with high quantum yield and efficient electron transport, the ST/AMPL ratio would be lower.
In conclusion, the analysis of lipid class composition can be carried out in U. rigida using the modifications in the extraction protocol described here. A CO 2 -enriched atmosphere conditioned the effects of nitrogen limitation on total lipid accumulation and lipid class composition, revealing deep qualitative changes in carbon metabolism. The specificity of the response of lipid classes to growth conditions in U rigida emphasizes the potential role of lipid class analyses as a diagnostic tool for environmental stress.
